We present our discovery of observational evidence for the coherence between galaxy rotation and the average line-of-sight motion of neighbors. We use the Calar Alto Legacy Integral Field Area (CALIFA) survey data analyzed with the Python CALIFA STARLIGHT Synthesis Organizer (PyCASSO) platform, and the NASA-Sloan Atlas (NSA) catalog. After estimating the projected angular momentum vectors of 445 CALIFA galaxies, we build composite maps of their neighbor galaxies on the parameter space of line-of-sight velocity versus projected distance. The composite radial profiles of the luminosity-weighted mean velocity of neighbors show striking evidence for dynamical coherence between the rotational direction of the CALIFA galaxies and the average moving direction of their neighbor galaxies. The signal of such dynamical coherence is significant for the neighbors within 800 kpc distance from the CALIFA galaxies, for which the luminosity-weighted mean velocity is as large as 61.7 ± 17.6 km s −1 (3.5σ significance to bootstrap uncertainty) when the angular momentum is measured at R e < R ≤ 2R e of each CALIFA galaxy. In the comparison of the subsamples, we find that faint, blue or kinematically misaligned galaxies show stronger coherence with neighbor motions than bright, red or kinematically well-aligned galaxies do. Our results indicate that (1) the rotation of a galaxy (particularly at its outskirt) is significantly influenced by interactions with its neighbors up to 800 kpc, (2) the coherence is particularly strong between faint galaxies and bright neighbors, and (3) galaxy interactions often cause internal kinematic misalignment or possibly even kinematically distinct cores.
INTRODUCTION
The internal kinematics of a galaxy is an important factor to understand the formation history of the galaxy. Over the classical understanding of pressure-supported early-type galaxies and rotation-supported late-type galaxies, it has been revealed that even early-type galaxies usually rotate and they can be divided into slow and fast rotators, which has risen as a quite new point of view on galaxy classification (Cappellari et al. 2006; . Many subsequent studies enhanced such an idea by investigating more details of slow and fast rotators, and even proposed that the famous Hubble tuning fork needs to be revised, not only because it tends to mislead our understanding of early-type galaxies by ignoring the large variety of fast rotators, but also because the new kinematic morphology shows a tighter relationship with environmental density than classical photometric morphology does Krajnović et al. 2011; Fogarty et al. 2014; Cortese et al. 2016; Brough et al. jhl@kasi.re.kr 2017; Greene et al. 2017; Foster et al. 2018; Graham et al. 2018; Rong et al. 2018; Smethurst et al. 2018) . Like these, with the advent of integral field spectroscopy (IFS), our understanding of galaxy kinematics has been being improved very rapidly for a recent decade.
One of the key issues about galaxy kinematics is the effect of environments on it. It is well known that environmental effects, from pair interactions/mergers to large-scale mechanisms, play important roles in galaxy evolution, through many observational studies (e.g., Dressler 1980; Kauffmann et al. 2004; Baldry et al. 2006; Blanton & Berlind 2007; Poggianti et al. 2008; Lee et al. 2010 Lee et al. , 2014 Popesso et al. 2011; Scoville et al. 2013; Lee et al. 2016; Pak et al. 2016; Fu et al. 2018) and numerical predictions (e.g., Jung et al. 2014; Genel 2016; Martin et al. 2018) . Thus, it is natural to expect that environmental effects play some crucial roles in galaxy kinematics, as well. In recent observational studies, for example, it was argued that an equal-mass polar merger may result in galaxy rotation around major photometric axis (prolate rotation; Tsatsi et al. 2017; Krajnović et al. 2018; Weaver et al. 2018) . Furthermore, interactions or mergers between galaxies are thought to be also responsible for the misalignment between the morphological shape and rotational direction in a galaxy (morpho-kinematic misalignment; Barrera-Ballesteros et al. 2015; Oh et al. 2016) . In addition to the morpho-kinematic misalignment, the angular momentum in a galaxy may not be perfectly aligned along radius (i.e., internal kinematic misalignment), the extreme cases of which may be classified as kinematically distinct cores (KDCs; Emsellem et al. , 2014 ; Krajnović et al. 2015) . In recent numerical studies, it was shown that KDCs can result from major or minor merging events (Bois et al. 2011; Taylor et al. 2018) . Various observational studies argued that galaxy environments may have played an important role in determining the internal kinematics of galaxies either in a small scale (Lee et al. 2018b) or in a large scale (Houghton et al. 2013; Kim et al. 2018) , which is also supported by hydrodynamic simulations (Naab et al. 2014; Lagos et al. 2017 Lagos et al. , 2018a Lee et al. 2018a) .
Those recent accomplishments about the environmental effects on galaxy kinematics lead us to a simple and basic question: if galaxy kinematics is largely influenced or even determined by environments, then can we find any coherence between the rotational direction of a galaxy and the motions of its neighbor galaxies? In other words, is there any observational evidence that galaxy interactions directly change the rotational direction of a galaxy? If the answer is 'yes', then how significantly is galaxy rotation affected by environments and how is such dynamical coherence related with other properties of galaxies in detail? Recently, Lee et al. (2018a) showed that tidal perturbations as well as merging events may significantly change galaxy spin vectors in their hydrodynamic simulations. In observational studies, however, those questions have never been clearly answered yet, despite their importance to clarify the origin of galaxy rotation.
Thus, in this paper, we examine the coherence between the rotation of a galaxy and the line-of-sight motions of its neighbors, using publicly available IFS and spectroscopic surveys. This paper is outlined as follows. Section 2 describes the archival data used in this paper. Section 3 shows how we utilize the data in order to find the signal of the dynamical coherence. The results are presented in Section 4. What our results imply is discussed in Section 5, and the paper is concluded in Section 6. Throughout this paper, we adopt the cosmological parameters: h = 0.7, Ω Λ = 0.7, and Ω M = 0.3.
DATA AND METHODS
To investigate the relationship between galaxy rotation and neighbor motions, two sorts of information are necessary: the internal kinematics of a sufficient number of galaxies and the motions of their neighbor galaxies. To obtain the former, a large IFS survey of galaxies is required, while the latter can be acquired from a huge spectroscopic survey that includes the IFS tar- gets and their neighbors. Fortunately, today both kinds of data sets can be conveniently acquired owing to the publicly-released data of various surveys. Among several available IFS surveys, the Calar Alto Legacy Integral Field Area Survey (CALIFA; Sánchez et al. 2012 Sánchez et al. , 2016 Walcher et al. 2014 ) is particularly suitable for this purpose, because its spatial coverage for each target is very large (frequently larger than twice of half-light radius). Such a large coverage makes it possible to investigate the radial variation of internal kinematics in each target. Since the target selection of the CALIFA is based on the Sloan Digital Sky Survey (SDSS; York et al. 2000) , the information of the targets' neighbor galaxies can be retrieved from the SDSS and additional spectroscopic surveys.
CALIFA and PyCASSO Database
To acquire the angular momentum vectors of a sufficient number of galaxies, we use the CALIFA survey data 1 . The CALIFA sample consists of ∼ 600 galaxies at low redshifts, which have been selected from the photometric catalog of the SDSS as a sample limited in apparent isophotal diameter. The targets were observed using the PMAS/PPAK integral field spectrophotometer, mounted on the Calar Alto 3.5 m telescope. The spectra cover the wavelength range of 3700−7000Å. The most outstanding strength of the CALIFA survey is the extremely wide field-of-view (> 1 arcmin 2 ) with a high filling factor in a single pointing (65%). This provides great advantage for the studies of low-redshift galaxies with large angular sizes, because CALIFA observations cover a considerably large area in each target (mostly much larger than half-light radius). For more details of the CALIFA survey, refer to Sánchez et al. (2012 Sánchez et al. ( , 2016 .
In this paper, the actual analysis is based on the Py-CASSO database 2 (de Amorim et al. 2017), which is a data set value-added by analyzing the CALIFA data with the Python CALIFA STARLIGHT Synthesis Organizer platform (Cid Fernandes et al. 2005 . The sample of the PyCASSO database consists of 445 galaxies in the CALIFA Data Release 3 sample (Sánchez et al. 2016) . Those sample galaxies were observed with both V500 and V1200 gratings and their combination (called COMBO cubes), all of which are necessary to reduce the vignetting and to fill the whole field of view through a dithering scheme. More details are described in de Amorim et al. (2017) . Although the sample size of the PyCASSO database is smaller than that of the full CALIFA data set, its well-produced final products are very useful for quick and reliable investigation.
The PyCASSO database provides various parameter maps of 445 CALIFA galaxies, which includes stellar mass surface density, line-of-sight velocity, and some stellar population indicators such as mean age and metallicity. In this paper, stellar mass (M * ) surface density and line-of-sight velocity (v * ) distributions are used in order to estimate the angular momentum vectors of those galaxies. When the signal-to-noise (S/N) is 20 − 30, the typical uncertainties for these quantities are: 0.09 for log M * and 19 km s −1 for v * , while they are as small as 0.04 for log M * and 9 km s −1 for v * when the S/N is 40 − 50 (Cid Fernandes et al. 2014 Figure 3 . Statistics of the CALIFA spatial coverage in individual galaxies. The red line accumulates the number of CALIFA galaxies as a function of the radial distance (normalized by half-light radius, Re) to the outermost Voronoi bin in each galaxy, while the blue line does it to the fifthoutermost Voronoi bin.
de Amorim et al. 2017) . Figure 1 shows the distributions of the 445 CALIFA galaxies in the sky and in the absolute magnitude versus redshift diagram. The CALIFA galaxies are evenly distributed over the spatial coverage of the SDSS, and they have very low redshifts (z 0.03). Figure 2 presents the color and Sérsic index distributions as a function of absolute magnitude. The CALIFA galaxies distribute over both red sequence and blue cloud, and their morphological types are not significantly biased to any of early-type or late-type. All of the CALIFA galaxies are brighter than M r = −17 mag. Figure 3 shows how large the spatial coverage in the CALIFA observation for each target is. Among the 445 CALIFA galaxies, only two galaxies have the spatial coverage slightly smaller than half-light radius (R e ), while the covered areas for 348 galaxies (78%) are larger than 2R e . 433 galaxies (97%) have at least five Voronoi bins at R > R e , which means that the outskirt (R e < R ≤ 2R e ) angular momenta can be measured for a considerable fraction of the CALIFA sample.
Projected Angular Momentum
Using the PyCASSO database, we estimated the projected angular momentum vectors (L = r × p = r × mv) of the CALIFA galaxies. For simplification, we supposed that the mass and velocity distribution in a given Voronoi bin are perfectly represented by a point mass located at the center of the bin, which has the total mass and the mean stellar line-of-sight velocity measured in the bin. Figure 4 shows two examples of the projected angular momentum estimation. In each galaxy, we derived two projected angular momentum vectors, which were estimated from the central area (R≤R e ) and the outskirt area (R e < R ≤ 2R e ), respectively. The estimation of an angular momentum vector is simple and direct. However, the estimated position angle has uncertainty, which may be particularly large for some slow rotators. Thus, we estimated the statistical uncertainty of the position angle, through repetitive random sampling with replace-K0055 K0099 • uncertainty. The numbers of galaxies with position angle uncertainties smaller and larger than 45
• are denoted at the left and right sides of the line, respectively. ment of spaxels. As presented in Figure 5 , a majority of the CALIFA galaxies show position angle uncertainties smaller than 45
• : 434/445 (98%) for R≤R e and 392/433 (91%) for R e < R ≤ 2R e (12 of 445 CALIFA galaxies have less than 5 Voronoi bins at R > R e ). The galaxies with position angle uncertainties larger than 45
• are excluded in our analysis. Those galaxies are not guaranteed to have position angle errors smaller than 90
• in 2σ confidence level, which means that they may falsely add opposite signals to our results by possibility higher than 5%. In Figure 4 , one example (K0055) shows quite good alignment between the two vectors, whereas the other (K0099) has large misalignment between the two vectors.
3 Figure 6 presents the distribution of such internal misalignment of the CALIFA galaxies, which is compared with the distributions of absolute magnitude, color and Sérsic index. Although a half of the CALIFA galaxies have very small misalignment angles (< 5
• ), about 5% of them have misalignment angles larger than 30
• . However, such internal misalignment of angular momentum does not appear to be correlated with luminosity, color or morphology of those galaxies in Figure 6 . Largely-misaligned galaxies show a notable bimodality in the Sérsic index distribution (that is, the galaxies with intermediate n tend to be well aligned), but it is clear that the misalignment is not a monotonic function of any parameters examined here.
NASA-Sloan Atlas
To estimate the line-of-sight motions of the neighbor galaxies around the CALIFA galaxies, we use the NASA-Sloan Atlas (NSA) catalog 4 , which was created by Michael Blanton, based on the SDSS, NASA Extragalactic Database (NED)
5 , Six-degree Field Galaxy Redshift Survey (6dFGS; Jones et al. 2009 ), Two-degree Field Galaxy Redshift Survey (2dF-GRS; Colless et al. 2001) , CfA Redshift Survey (ZCAT; Huchra et al. 1983) , Arecibo Legacy Fast ALFA Survey (ALFALFA; Giovanelli et al. 2005 ) and the Galaxy Evolution Explorer (GALEX; Martin et al. 2003) survey data. Among the numerous parameters provided by the NSA catalog, we use the information of right ascension, declination, redshift, Sérsic index and absolute magnitudes in the g and r bands. Line-of-sight velocity offset (∆v) is calculated from redshifts of a neighbor galaxy (z nei ) and a CALIFA galaxy (z CAL ), based on the assumptions that (i) the peculiar motion of a neighbor is non-relativistic; (ii) a CALIFA galaxy does not have peculiar motion (follows the Hubble expansion only); and (iii) gravitational redshift is negligible. The conversion equation is as follows:
where c is the speed of light.
3. ANALYSIS To explore the dynamical correlations between galaxies and their environment, we compare the direction of the projected angular momenta of CALIFA galaxies with the relative line-of-sight motions of their neighbor galaxies. To obtain sufficient statistical significance, we proceed by stacking individual kinematic maps along the directions of the angular momenta of CALIFA galaxies. Figure 7 illustrates this procedure and displays the resulting composite map, where the direction of the angular momentum of CALIFA galaxies is systematically taken to be upward. When defining 'neighbor galaxies' of each CALIFA galaxy, we limit the difference of line-ofsight velocity to 500 km s −1 and consider the projected distance up to 1 Mpc.
If the motions of neighbors are coherent with the rotation of CALIFA galaxies, the mean velocity of the galaxies in the right-side area will be positive (redshift) while that in the left-side area will be negative (blueshift) in the composite map. To check whether this trend exists, we first define the right-side and left-side in the composite map. We may simply divide the entire area into two sub-areas like Figure 8 (a) (I-cut), from which we can secure the most numerous neighbors.
In the I-cut, however, there are domains in which the influence of neighbors on the CALIFA galaxies is ambiguous. For example, suppose two neighbor galaxies that have the same line-of-sight velocities, masses and distances to the same CALIFA galaxy but are located at position angles of 1
• and 359
• from the upward (angular momentum vector) direction, respectively. They are actually very close to each other and thus their influence on the CALIFA galaxy may be almost the same. However, in the I-cut, their influence will be oppositely counted, because they will belong to opposite sides.
The X-cut, as shown in Figure 8 (b), is an alternative selection designed to mitigate such a problem. In the X-cut, only the neighbor galaxies located between 45
• and 135
• or between 225
• and 315
• from the angular momentum vector direction are considered. Although the X-cut reduces the sample of neighbor galaxies into a half and thus may increase the statistical uncertainty, it is advantageous that the neighbors that are expected to hardly influence the current rotational directions of the CALIFA galaxies are excluded. Thus, hereafter, all of the results in this paper will be based on the X-cut.
When estimating the average line-of-sight motion of neighbor galaxies, we weight them by luminosity. In this weighting, again we have two options: absoluteluminosity (abs-L) weighting and relative-luminosity (rel-L) weighting. In the abs-L weighting, the velocities of neighbors are weighted by their luminosities, regardless of the luminosity of their adjacent CALIFA galaxy. On the other hand, in the rel-L weighting, the velocities of neighbors are weighted by the luminosity ratio between a neighbor galaxy and its adjacent CALIFA galaxy. The abs-L weighting is good for estimating the effect of absolute environment regardless of the luminosity of CALIFA galaxies, while the rel-L weighting focuses on the direct interactions between the CALIFA galaxies and their neighbors.
The selection between these two options depends on how the neighbor galaxies are related to the CALIFA galaxies. That is, if the impact of a neighbor galaxy with a given mass is common to all CALIFA galaxies at the same distances regardless of their masses, the abs-L weighting must be used. On the other hand, if a neighbor more strongly influences less massive CAL- The color and size of each circle represent the line-of-sight velocity and luminosity of each neighbor galaxy relative to a given CALIFA galaxy, respectively. The spatial distribution of the neighbor galaxies is aligned so that the projected angular momentum vector of the CALIFA galaxy (black arrow) is upward. (e) Composite map of neighbor galaxy distribution for our whole sample of the CALIFA galaxies. IFA galaxies, then the rel-L weighting may be appropriate. Throughout this paper, we will present both of the results using the rel-L weighting and using the abs-L weighting. The comparison between those results will be useful to constrain the origin of dynamical coherence, if it exists.
4. RESULTS
The Full Sample
Before the quantitative investigation of the dynamical coherence, we present a qualitative analysis through the estimation of contour maps of the neighbor galaxy distribution on the relative line-of-sight velocity versus projected distance plot, as shown in Figure 9 . These contour maps provide us an overall view on the dynamical distribution of neighbor galaxies around the CALIFA targets. The contours show the log-scale number density distribution, weighted by the luminosity ratio of neighbor galaxy to CALIFA galaxy (rel-L-weighted; panels (a) and (b)) or weighted by the luminosity of neighbor galaxy (abs-L-weighted: panels (c) and (d)): darker contours represent higher-density regions. The number density for the contours was calculated at 100 × 50 grids and smoothed in a 3-grid scale with linear weighting. Since some CALIFA galaxies have considerable amount of internal misalignment as shown in Figure 6 , the contour maps for the angular momenta at R≤R e and at R e < R ≤ 2R e are not perfectly the same as each other, although some features are very similar (panels (a) versus (b), and (c) versus (d) in Figure 9 ).
Overall, we find a sequence of intense clumps from positive distance and positive relative velocity (rightside neighbors with redshift) to negative distance and negative relative velocity (left-side neighbors with blueshift), at a very small range of |D| 200 kpc, where D is the projected distance to a given CALIFA galaxy. Such a sequence is apparently consistent with the coherence between the rotations of CALIFA galaxies and the motions of their neighbors, but some other clumps that do not agree with such coherence are also found. Furthermore, at |D| > 200 kpc, it is not easy to visually recognize any signals of the dynamical coherence in the contours.
Note that the clumps in Figure 9 may be largely affected by bright neighbors, because the contours are weighted by luminosity. Since more luminous/massive galaxies are expected to affect its neighbors more strongly, it is understandable that such clumpy features tend to show good coherence signals (particularly at small distances). However, this reminds us of the risk from small-number statistics: the entire trends may be dominated by a few luminous neighbors and coincidentally form apparent coherence signals. Thus, the coherence signals need to be further investigated in quantitative and statistical ways. Figure 10 shows the ∆v distribution of neighbor galaxies at given projected distance range. Although the neighbor galaxies are distributed over a wide range of ∆v, the luminosity-weighted mean velocity tends to be slightly biased at some projected distance ranges. Such biases are particularly obvious at very close distances (|D|≤200 kpc), in the context that the left-side neighbors tend to lean toward negative mean velocity, while the right-side neighbors tend to lean toward positive mean velocity. This can be regarded as the evidence of dynamical coherence between the rotational direction of CALIFA galaxies and the motions of neighbors. Such a trend is found even up to |D| ≈ 800 kpc for the rel-Lweighted results of outskirt (R e < R ≤ 2R e ) rotation. However, Figure 10 does not show how statistically significant the mean velocity biases are.
To quantitatively assess the robustness of the apparent dynamical coherence, we define the luminosity-weighted mean velocity ( ∆v ) and plot the variation of ∆v with projected distance to the CALIFA galaxies. In Figure 11, panels (a) and (c) show the derivative profiles, smoothed with a 100-kpc kernel, while panels (b) and (d) show the cumulative profiles. In the derivative profiles, the mean velocity ∆v d100 at given D ′ is defined as:
where ∆v is the line-of-sight recession velocity of a neighbor galaxy relative to a given CALIFA galaxy, and Figure 10. The ∆v distributions at given projected distance ranges: (a) the rel-L-weighted neighbors for the angular momenta measured at R≤Re, (b) the rel-L-weighted neighbors for the angular momenta measured at Re < R≤2Re, (c) the abs-L-weighted neighbors for the angular momenta measured at R≤Re, and (d) the abs-L-weighted neighbors for the angular momenta measured at Re < R≤2Re. In each sub-panel, the histogram shows the normalized distribution of integrated luminosity of neighbors at given distance range that is denoted at the upper-right corner (in unit of kpc). The luminosity-weighted mean velocity is denoted by a red bar in each sub-panel. the right-side distance range Rd is:
and the left-side distance range Ld is:
On the other hand, in the cumulative profiles, the mean velocity ∆v c at given D ′ is defined as:
L is the luminosity ratio of a neighbor galaxy to a given CALIFA galaxy (= L neighbor /L CALIFA ) when the rel-L weighting is applied, while it is simply the luminosity of a neighbor galaxy (L neighbor ) for the abs-L weighting. Note that the derivative profiles ( ∆v d100 ) and the cumulative profiles ( ∆v c ) coincide with each other at |D|≤100 kpc.
In Figure 11 (a) and (c), the derivative profiles are a little bit noisy, but some coherence signals are visible commonly for the rel-L weighting and the abs-L weighting: the mean velocity tends to be positive at the rightside and negative at left-side, which is particularly conspicuous at |D| 300 kpc. In Figure 11 (b) and (d), the cumulative profiles are smoother than the derivative ones, showing the coherence signals more obviously.
One notable feature in Figure 11 (b) and (d) is its asymmetry: the mean velocity of right-side neighbors converges to zero more lately than that of left-side neighbors does. For this apparent asymmetry, as well as coincidence due to small-number statistics, a selection bias may be partially responsible. The CALIFA survey targeted apparently bright galaxies (Figure 1(b) ). If galaxies in the Universe were homogeneously distributed along redshift, such target selection might not cause a bias. However, in reality, many galaxies tend to gather around large-scale structures: clusters, groups, filaments and walls. If we observe towards such gathering of galaxies, then the selection of bright targets (in apparent magnitude) may be biased to galaxies at lower redshifts, which means that the mean redshifts of their neighbors (not selected as targets) may tend to be higher (= more receding). If the relative line-of-sight velocities of the neighbors selected within ±500 km s by their peculiar motions rather than the Hubble flow (e.g., in a galaxy cluster), this effect may be negligible, but our targets are mostly in non-cluster environments. That is, the asymmetry in Figure 11 may be, at least partially, because apparently brighter galaxies (preferentially at lower redshifts) had higher chances to be selected as the CALIFA targets.
In the mean velocity profiles, both of the positive values for the right-side neighbors (D > 0) and the negative values for the left-side neighbors (D < 0) support the coherence between galaxy rotation and neighbor motions. Thus, we can more simplify Figure 11 by defining the right-left-merged mean velocities, as follows:
and
where D ′ > 0. Roughly described, the right-left-merged mean velocity corresponds to the right-side mean velocity (D > 0) subtracted by left-side mean velocity (D < 0) in Figure 11 . Thus, the right-left-merged mean velocity must be positive, if there is the dynamical coherence between galaxy rotation and neighbor motions. In these right-left-merged profiles, the CALIFA target selection bias mentioned in the previous paragraph is canceled out on average. Figures 12 and 13 show the right-left-merged mean velocity profiles. These merged profiles more efficiently present how significant the coherence signals are. For quantitative estimation of the significance of the coherence signals, we try three different statistical methods. The first is the bootstrap (BST) uncertainty: the neighbor galaxies were randomly resampled with replacement, and the standard deviation of the results from 1000-times resampling experiments was estimated. The BST uncertainty is denoted by shaded areas in Figures 12 -19 . The BST uncertainty works well in most cases, but caution is necessary when the number of neighbors is too small (e.g., at very close distances from the CAL-IFA galaxies). For example, the number of neighbors at D ≤ 30 kpc is 27 and 24 for central and outskirt rotations, respectively, which is not too small to estimate BST uncertainty. However, this number can be substantially reduced when we use some subsamples. Other kinds of uncertainty may be helpful in those cases.
The second is the random spin-axis (RAX) test for the CALIFA galaxies. The null hypothesis for this test is that "the spin axis of each CALIFA galaxy is randomly determined regardless of the motions of its neighbor Figure 13 . The same as Figure 12 , except that the abs-L weighting is applied.
galaxies". In this test, we can examine how easily the apparent 'dynamical coherence' can be reproduced by random assignment of rotations to the CALIFA galaxies, for the given distribution of neighbor motions. The RAX uncertainty is calculated by the following procedure:
1. Assign a random vector to each CALIFA galaxy (replacing its original angular momentum vector).
2. Align the neighbor galaxies around each CALIFA galaxy for the randomly assigned vector direction to be upward.
3. Build a composite map of the newly aligned neighbor galaxies like Figure 7 (e). The last is the randomly flipped spin-axis (RFA) uncertainty. This test is similar to the RAX test, but the spin axis of each CALIFA galaxy is randomly flipped by +90
Estimate the ∆v
• or −90
• instead of being perfectly randomized. If it is true that there is some coherence between the CAL-IFA galaxy rotation and its neighbor motions, the RFA test will return smaller uncertainty (= higher statistical significance), because the neighbors in the X-cut regions after the random flipping by ±90
• have genuinely random motions, not contaminated by coherent motions.
The RFA uncertainty is denoted by red lines in Figures 12 -19 . In the results, RFA uncertainty actually tends to be smaller than RAX uncertainty when the coherence signals are considerable (e.g., > 2σ RAX ; but not always), which indirectly supports the existence of dynamical coherence.
In Figures 12 and 13 , there are some noticeable features. First, both in the derivative and cumulative profiles, significant coherence signals are detected for the outskirt angular momenta (R e < R ≤ 2R e ; up to 3.5σ BST , 3.0σ RAX and 4.0σ RFA ), whereas the signals are hardly significant for the central angular momenta (R ≤ R e ). Such a trend is obvious when the rel-L weighting is applied (Figure 12 ). However, in the case of the abs-L weighting (Figure 13) , the coherence signals are marginal to any uncertainty. Second, for the outskirt angular momenta (R e < R ≤ 2R e ), a few strong peaks are noted in the derivative profile. The individual D values for those peaks may not be universal and may change if we use different samples. However, the wide range of the peak loci shows that the neighbors at various distances up to 800 kpc have dynamical coherence with the CALIFA galaxies. Finally, at D > 800 kpc, the coherence signals are insignificant. The ∆v c R−L values, their statistical uncertainties and the corresponding confidence levels at 30, 200, 500, and 800 kpc distances are listed in Table 1 .
Various Subsamples
In order to understand more detailed aspects of the coherence between galaxy rotation and neighbor motions, we additionally conducted the same work as Section 4.1 for several sets of subsamples divided by various criteria: luminosity, color, Sérsic index and internal kinematic misalignment of the CALIFA galaxies. This investigation is useful to reveal what kind of galaxies are mainly involved in the dynamical coherence. We first divide the CALIFA galaxies into bright ones and faint ones, as shown in Figure 14 . The criterion magnitude of M r = −21.39 mag is the median value among the CALIFA galaxies. In this comparison, the trends for central rotation and outskirt rotation are similar to each other in the subsample of bright CALIFA galaxies: both of them hardly show significant signals of coherence. On the other hand, in the subsample of faint CALIFA galaxies, the outskirt rotations show significant (up to ∼ 3.5σ BST in rel-L weighting) coherence signals, while the central rotations do not (up to ∼ 2.0σ BST in rel-L weighting), as summarized in Table 2 . Like the results from the full CALIFA sample, the results from the luminosity-divided subsamples are more obvious when the rel-L weighting is applied. Figure 15 compares the subsamples divided by g − r color. The criterion color of g − r = 0.756 is the median value among the CALIFA galaxies. The blue CAL-IFA galaxies show more significant coherence signals (up to ∼ 3.2σ BST in rel-L weighting) than the red CALIFA galaxies, as listed in Table 3 . However, the coherence signals for the blue CALIFA galaxies are slightly weaker than those for the faint CALIFA galaxies. Figure 16 compares the subsamples divided by Sérsic index. We simply divide the CALIFA galaxies into concentrated (n ≥ 2) and diffuse (n < 2) galaxies. In this division, any significant difference between the two subsamples is hardly found. One notable feature is that the outskirt rotations of diffuse CALIFA galaxies seem to be very significantly coherent with neighbor motions at D ≤ 30 kpc (∼ 4.0σ BST in rel-L weighting). However, since the significance is low when the RAX uncertainty is used (∼ 1.7σ RAX ), such apparently very high significance to the bootstrap uncertainty may be due to the small number of neighbors within a very close distance of 30 kpc (8 neighbors for the outskirt rotations of the diffuse CALIFA galaxies). The coherence signals for the subsamples divided by Sérsic index are summarized in Table 4 .
Finally, in Figure 17 , we divide the sample by their internal kinematic misalignment, into well-aligned and misaligned galaxies. The division criteria of |θ(R ≤ R e ) − θ(R e < R ≤ 2R e )| = 5.0
• is the median value among the 445 CALIFA galaxies, where θ is the kinematic position angle at a given radial range. In the wellaligned CALIFA galaxies, coherence signals are hardly found for both of the central and outskirt angular momenta; the central-outskirt difference is negligible, because they are well aligned. On the other hand, coherence signals are more obvious for the outskirt rotations of the misaligned CALIFA galaxies (up to ∼ 2.8σ BST in rel-L weighting), as listed in Table 5 .
We conduct more tests for additional constraints on the origin of the dynamical coherence: the division of neighbor galaxies according to their luminosity and color. In Figure 18 , the right-left-merged mean velocity profiles are shown for our full sample of the CAL-IFA galaxies, but with the neighbor galaxies controlled by their luminosity. For the rel-L-weighted profiles, the neighbors are divided into 'brighter than the adjacent CALIFA galaxy' and 'fainter than the adjacent CAL-IFA galaxy', while they are divided simply by M r = −21 mag cut for the abs-L-weighted profiles. This neighbor division produces a clear difference, in the context that bright neighbors tend to show stronger dynamical coherence (up to 2.6σ BST ), while faint neighbors hardly show dynamical coherence (up to 1.4σ BST ). Figure 19 presents the results for neighbor division into red and blue ones by g − r = 0.756. In this figure, however, the division into red and blue neighbors produces only small differences. When we consider the color-magnitude relation of neighbor galaxies, such differences between red and blue neighbors may be substantially influenced by the differences between bright and faint neighbors, because fainter galaxies tend to be bluer on average. The coherence signals in Figures 18 and 19 are listed in Tables 6  and 7, respectively.  Table 8 summarizes the overall results for the whole sample and the various subsamples. In Table 8 , the significance to bootstrap uncertainty of coherence signal for each case is simply noted as four classes: significant (≥ 3.0σ), marginal (2.5 − 2.9σ), very marginal (2.0 − 2.4σ) and insignificant (≤ 1.9σ), which is convenient for one-shot comparison between the various subsamples. In this simplified summary, the galaxies that are mainly involved in the dynamical coherence appear to be faint, blue or internally-misaligned ones, while the influence of morphology is not clear at least in our sample. When the neighbor galaxies are controlled, bright neighbors appear to influence the outskirt rotations of the CALIFA galaxies more significantly, whereas faint neighbors seem to hardly influence them. The color division of neighbors do not produce notable difference. In Section 4.1, galaxy rotation appears to be related with the average line-of-sight motion of neighbor galaxies. The signals of such dynamical coherence are found up to 800 kpc distance from the CALIFA galaxies in Figure 12. In the range farther than 800 kpc, the coherence signal is insignificant.
This coherence may be the evidence that the interaction of a neighbor galaxy affects the rotational direction of the target galaxy, by adding new angular momentum to it coherent with the flyby direction. This is consistent with the numerical anticipation of Lee et al. (2018a) that galaxy interactions may affect galaxy rotation as galaxy mergers do, although such changes often cancel out previous changes in their simulations. However, while the close distance range (e.g., D ≤ 200 kpc) is sufficiently close to cause such direct interactions between galaxies, the 800 kpc distance may be too far.
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Thus, those neighbor galaxies may have recently experienced interactions with the target galaxies rather than be currently interacting.
To roughly estimate the timescale that has passed since such interactions, we suppose that the neighbor galaxies at D ∼ 800 kpc experienced flyby events with the target galaxies (D ∼ 0 kpc) and have constantly moved with projected velocity of 180 km s −1 , which is consistent with the peak line-of-sight velocity of the neighbor galaxies at D ∼ 0 kpc in Figure 12(b) . The speed of 180 km s −1 corresponds to 184 kpc per Gyr. Thus, the timescale that a neighbor galaxy travels from D ∼ 0 to 800 kpc is calculated to be τ T ∼ 4.3 Gyr. That is, under our assumption, the vestige of galaxy interactions up to 4 Gyr ago remains as the dynamical coherence with neighbor motions. However, this timescale may change according to the genuine proper motions of the neighbor galaxies that cannot be directly measured.
One of the important results is that the rotation measured at galaxy outskirt (R e < R ≤ 2R e ) shows stronger dependence on neighbor motions than the rotation measured at galaxy center (R ≤ R e ) does. That is, if it is true that galaxy interactions cause the dynamical coherence discovered in this paper, the effect of such interactions is stronger on the outskirt rotation of the target galaxies rather than on their central rotation. Many recent studies support the inside-out two-phase formation scenario, in which a massive galaxy formed its central body long time ago by large starburst of major merging events, while its outer body have steadily formed through minor mergers until today (e.g., Oser et al. 2010; van Dokkum et al. 2010; Lee & Yi 2013) . Our result is consistent with this scenario in the aspect of galaxy kinematics: recent hierarchical events have strongly influenced the outskirt of a galaxy, whereas their influence on the central body of the galaxy is relatively weak.
Implications from the Subsamples
The investigation of various subsamples provides us useful insights about what kinds of galaxies are mainly involved in the dynamical coherence. In Table 8 , the most conspicuous result is that the dynamical coherence seems to be mainly related to faint, blue, or internallymisaligned galaxies, particularly for the outskirt rotations.
The dominance of faint galaxies in the dynamical coherence is easy to understand. The kinematic structure of a more massive galaxy may be more difficult to be changed by interactions with its neighbors, because the internal kinematics of a massive galaxy is tightly maintained by its own deep gravitational potential. On the other hand, in the case of a low-mass galaxy, it may be more vulnerable to the influence of its neighbors, because of its shallow gravitational potential. Thus, the internal kinematics of low-mass (≈ faint) galaxies may be more easily influenced by interactions with neighbor galaxies.
Compared to the conspicuous dominance of faint galaxies, the influence of galaxy color seems to be slightly weaker in its statistical significance. Such relative weakness is more obviously revealed in the comparison of the significance to RAX uncertainty. Anyway, in our results, the blue CALIFA galaxies appear to show stronger coherence signals than the red CALIFA galaxies. If this result reflects some intrinsic difference between the red and blue galaxies, it may indicate that galaxy interactions influence the stellar populations of those galaxies as well as their outskirt rotations. For example, galaxy interactions in moderate distances may trigger more star formation possibly by exchanging their cold gas and giving appropriate perturbation (hydrodynamic interactions; Park & Hwang 2009 ). However, caution is required for such interpretation, because galaxy color strongly depends on galaxy luminosity. That is, the results for color-divided subsamples may be largely influenced by the fact that most of faint CALIFA galaxies are blue, as shown in Figure 2 .
It is also found that the dynamical coherence of internally-misaligned CALIFA galaxies are stronger than well-aligned CALIFA galaxies. This result implies that galaxy interactions are largely responsible for the internal kinematic misalignment of galaxies. The rotations of the misaligned galaxies seem to be considerably affected by recent events of galaxy interaction, and such environmental influence is stronger for outskirt rotations than for central rotations, which naturally results in internal kinematic misalignment. In other words, galaxy interactions, as well as major mergers (Bois et al. 2011) or minor mergers (Taylor et al. 2018) , may cause the internal misalignment in a galaxy, the extreme cases of which may be KDCs.
In summary, the dynamical coherence is mainly due to faint, blue or internally-misaligned galaxies. This seems to be because low-mass galaxies are easier to be kinematically affected by galaxy interactions, the influence of which may be differential according to radius. The change of stellar populations during such interactions may be possible, but it is too rash to conclude about it here.
Interacted? Or Inherited?
One may suspect if the observed dynamical coherence is inherited from the in-situ rotation of host dark matter halos or past shared gas streams. If a central galaxy and its satellite galaxies formed in a single rotating halo, then their co-rotation may be natural. Moreover, highredshift galaxies are often expected to be formed by collimated streams of material that transfer angular momentum to the central galaxy. Such streams may strongly affect the rotation of the central galaxy and the motions of its satellites at the same time, and thus may cause the dynamical coherence. We check how well this scenario is supported by our results.
If the dynamical coherence is the results from the insitu co-rotation of a central galaxy and its satellite galaxies, then it is expected that our target CALIFA galaxies tend to be central galaxies in small groups and the corotating neighbors are their low-mass satellites. However, our results show the opposite trends: faint CAL-IFA galaxies show stronger dynamical coherence than bright CALIFA galaxies that are more probable to be central galaxies. Moreover, in the test dividing neighbors by luminosity, faint neighbors hardly show any coherence signals regardless of central and outskirt rotations in rel-L and abs-L weightings. On the other hand, bright neighbors have strong coherence signals for the outskirt rotations of the CALIFA galxies. Such signals are stronger when the rel-L weighting is applied than when the abs-L weighting is applied, which implies that more crucial for dynamical coherence is 'how more massive the neighbor is' than 'how massive the neighbor is'. Obviously, all of these results support the interaction origin rather than the inherited co-rotation.
In summary, our results indicate that the main origin of the observed coherence between galaxy rotations and neighbor motions may be their recent interactions. Although this does not completely deny the partial contribution of in-situ co-rotations, we hardly find any evidence clearly in favor of the inherited co-rotation scenario in our current results.
6. CONCLUSION We examined whether there is any coherence between the rotational direction of galaxies and the average motion of their neighbor galaxies, using the CALIFA survey data and the NSA catalog. From our statistical analysis, we discovered that such coherence actually exists. Our main conclusions are summarized as follows:
1. The rotation of a galaxy appears to be significantly influenced by the average motion of its neighbor galaxies (up to ∼ 800 kpc). Recent events of galaxy interactions (possibly up to 4 Gyr ago) may have influenced galaxy rotation.
2. The dynamical coherence is stronger for outskirt rotations (R e < R ≤ 2R e ) than central rotations (R ≤ R e ). This result is consistent with the insideout two-phase formation scenario of massive galax-ies, in the context that recent hierarchical events may have mainly influenced outer body of a galaxy rather than its central body.
3. Faint galaxies tend to show more conspicuous signals of dynamical coherence than bright galaxies do. Furthermore, the coherence signals are much stronger for bright neighbors. These indicate that the internal kinematics of more massive galaxies are less affected by interactions with neighbors, while more massive neighbors tend to influence galaxy rotation more strongly.
4. Internally misaligned galaxies tend to show more conspicuous signals of dynamical coherence than internally well-aligned galaxies do. That is, interactions with nearby neighbors seem to be largely responsible for the internal kinematic misalignment of a galaxy or even a kinematically distinct core.
In this paper, we presented not only the discovery of observational evidence for the coherence between galaxy rotation and neighbor motions, but also how such a trend depends on the properties of target galaxies. Although our sample size is enough to prove the existence itself of the dynamical coherence, it is not enough for confirming some details of various subsamples, because the statistical uncertainty is often too large when the sample is finely divided. For example, if we secure a sufficient number of IFS data for faint-but-red galaxies, we can better constrain the relationship between the dynamical coherence and stellar populations. This limit is expected to be improved in near future, if data from sufficiently large IFS surveys with large field-of-view (covering at least 2R e of target galaxies) become available. Otherwise, the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA; Bundy et al. 2015) data may be an alternative: although its basic spatial coverage for each target is only 1.5R e , its large sample size (up to 10,000 nearby galaxies) will be a great merit to enhance statistical reliability.
This study uses data provided by the Calar Alto Legacy Integral Field Area (CALIFA) survey (http://califa.caha.es/) which is based on observations collected at the Centro Astronómico Hispano Alemán (CAHA) at Calar Alto, operated jointly by the Max-Planck-Institut für Astronomie and the Instituto de Astrofísica de Andalucía (CSIC). This study also uses the the NASA/IPAC Extragalactic Database (NED), which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. Figure 16 . Right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the subsample with large Sérsic index (n≥2), and (b)(d)(f)(h) for the subsample with small Sérsic index (n < 2). Figure 17 . Right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the subsample with small internal misalignment (|θ(R≤Re) − θ(Re < R ≤ 2Re)|≤5.0 • ), and (b)(d)(f)(h) for the subsample with large internal misalignment (|θ(R≤Re) − θ(Re < R ≤ 2Re)| > 5.0
• ). Figure 18 . With the full sample of CALIFA galaxies, right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the bright neighbors (brighter than the adjacent CALIFA galaxy or brighter than Mr = −21), and (b)(d)(f)(h) for the faint neighbors (fainter than the adjacent CALIFA galaxy or Mr = −21). 
